The polycyclic aromatic compounds (PAC) produced from the pyrolysis of a bituminous coal at temperatures of 1125 to 1425°K prove to be mutagenic to S. typhimurium, both in the presence and in the absence of postmitochondrial supernatant (PMS) prepared from Aroclor 1254-induced rat liver. Mutagenicity of the PAC samples measured in the absence of PMS exhibits little dependence on pyrolysis temperature; that measured in its presence is higher at the higher pyrolysis temperatures. However, because of the decrease in PAC yield as the temperature is raised, mutagenicity per mass of coal consumed falls with an increase in temperature if measured without PMS (-PMS) and
Introduction complex function of the size and configuration of the parent PAC structure (14) (15) (16) , the presence or absence of ring heteroatoms (12, 16) , the presence or absence of substituent groups (8, 12, (17) (18) (19) , and the nature and position of such substituents (11, 13, 17, (20) (21) (22) (23) (24) (25) . Because each of these factors influences the electron distribution within the molecules, it is logical that they should also be governing PAC behavior under pyrolytic conditions.
It is clear that molecular structure is the key factor in determining the chemical and biological activity of PAC. Since PAC from coal pyrolysis contain so many individual species with many of them isomeric, we have chosen to describe compositional changes of the PAC in terms of three structural characteristics: the degree of functional group substitution, the number of fused aromatic rings, and the presence or absence of heterocyclic nitrogen. These structural characteristics each represent major classes of mutagens.
Addressing each of these characteristics, our previous papers (26) (27) (28) detail the compositional changes in our coal-derived PAC that accompany variations in pyrolysis temperatures and residence time. We now attempt to relate pyrolysis-induced changes in the mutagenicity of the PAC to those in their chemical composition. We choose a high-volatile bituminous coal for our study as it has been shown to produce PAC of high yield (29) and mutagenicity (30) .
Salmonella typhimurium forward mutation assays are run on PAC mixtures that result from pyrolysis of the coal at a constant residence time but over a range of temperatures. In addition to examining each mixture as a whole, we took advantage of a recently developed high-pressure liquid chromatographic (HPLC) technique (31) that enabled us to physically separate each PAC mixture into two fractions: LCl, PAC containing alkyl, phenyl, hydroxyl, carbonyl, carboxyl, cyano, or nitro functionalities; and LC2, unsubstituted PAC and PAC with ring nitrogen (PACN). Mutagenicity is measured both in the presence and absence of Aroclor 1254-induced rat liver postmitochondrial supernatant.
Experimental Equipment and Procedures
To produce the PAC of this study, 44-to 53-jm particles of PSOC 997, a Pittsburgh Seam high-volatile bituminous coal, are fluidized in argon and fed at a rate of 42 mg/min into a laminar flow, drop-tube pyrolysis furnace described elsewhere (26, 29) . An optical pyrometer is used to measure furnace temperature, which is set to values of 11000K to 15000K by adjustment of the electrical power input. Average gas residence time is set at 0.75 sec for these experiments.
As pyrolysis products exit the reaction zone at 5.3 std L/min, they encounter 17.1 std L/min of argon quench gas at the top of the collection probe and another 4.8 std L/min along the length of the collection probe. This latter quench gas, radially transpired through the porous walls of the inner tube, prevents deposition of the products onto the walls. The heavier species (2 2 rings) condense onto the surface of the soot and char during the cooling. Exiting the probe, the pyrolysis products enter a modified Andersen cascade impactor for size-separation of the solid products. Char particles, the larger of these, deposit on the first stages; aerosols (i.e., PAC-coated soot) end up on the lowest impactor stages and the Millipore Teflon filter (hole size, 0.2 jm) following the impactor. The gas temperature just downstream of the Teflon filter, as measured by a thermocouple, is 26 ± 20C for all experiments, regardless of furnace temperature. Analysis by GC/MS/FID of gases passing through the filter reveals significant levels of hydrocarbons ranging from methane to benzene and toluene. Though specifically searched for, naphthalene and heavier aromatics are not detected in the gas phase but are found in the condensed phase. It is the condensed material that is the focus of this paper.
After all products are weighed, the char and soot are each placed in Teflon-capped, 30 -mL amber glass bottles of Caledon distilled-in-glass HPLC grade dichloromethane (DCM) and sonicated for 5 min.
[Work with standards (31) shows DCM to be a good solvent for a variety of aromatic species: polystyrenes up to molecular weight 3 x 106 and substituted PAC up to molecular weight 103.] The particle/liquid suspensions are passed, by syringe, through Millipore Teflon filters (hole size 0.2 gm) to remove the char or soot particles from the PAC/DCM solutions. The mass of each residue solid is taken and subtracted from that before sonication to give the mass of the PAC. Triplicate 100-jiL aliquots of the PAC/DCM solutions are removed, evaporated, and weighed according to the procedure of Lafleur et al. (32) to verify the PAC yields. As previously documented (33) , > 90% of the PAC condense onto the soot (as opposed to the char), so we restrict our current analysis to the soot-associated PAC.
The PAC/DCM solutions undergo a variety of chromatographic and spectroscopic analyses (26) (27) (28) . Fully described elsewhere (26, 31) , the HPLC system used for frictionation consists of a Perkin-Elmer Series 4 quat,ernary solvent delivery system coupled to a Model LC-85B variable wavelength ultraviolet (UV) detector. 1.5 mL/min of DCM (same grade as above) flows through the steric exclusion column (50 cm long x 10 mm, i.d.), which is packed with 500 A Jordi-Gel polydivinylbenzene. Samples are injected through either a 100-or 200-jL Rheodyne injection loop, and a microswitch on the injector actuates the data system to ensure reproducible starting times. As demonstrated in another publication (31) , substituted PAC elute in the first 23.9 mL; unsubstituted and nitrogen-containing PAC (PACN), afterward. For each coal-derived PAC sample, then, we collect the first 23.9 mL of column eluate as fraction LC1; the remaining eluate as LC2. The fractions are each collected in Teflon-capped, amber glass bottles and concentrated under a stream of nitrogen. Gravimetric and chromatographic analyses of the fractions from several parallel fractionations demonstrate that the system is highly reproducible.
Since DCM is toxic to bacterial cells, samples are exchanged into dimethylsulfoxide (DMSO), a less toxic solvent, before bioassay. To exchange a sample, 30 jL of DMSO are added to a DCM aliquot containing 60 jg PAC and placed under a stream of nitrogen, which vaporizes the DCM, leaving the PAC dissolved in DMSO.
The bacterial mutagenicity of the pyrolysis-derived material is determined from the Salmonella typhimurium forward mutation assay of Skopek et al. (34, 35) . A suspension of S. typhimurium strain TM677 is incubated with the test material for 2 hr at 37°C, diluted 1:5 in the phosphate-buffered saline, and plated in triplicate on selective plates in the presence of 400 jg/mL 8- tion of the reproducibility of the data.
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We also see from Figure 4 that the substituted fractions show negligible -PMS mutagenicity at the three lowest pyrolysis temperatures of 1125, 1223, and 1312°K. At 1378 and 1421°K, they show small but insignificant levels of mutagenic activity. The type of -PMS mutagens that would be present in the substituted fractions are PAC with oxygen-containing substituents. Prior Fourier transform infrared (FTIR) analyses (26) on these samples show that at the higher temperatures, there is evidence of both etheric C-0 and carbonyl and C-0 stretch but no trace of hydroxyl 0-H stretch. We therefore attribute the small levels of -PMS mutagenicity in the substituted fractions to PAC with etheric and/or carbonyl functionalities. Despite the small but significant increase in mutagenic activity of the higher temperature LC1 fractions, the substituted PAC as a whole contribute inconsequentially to the overall activity of the PAC samples since the yield of the substituted PAC, as shown previously (26), falls drastically as pyrolysis temperature increases. At 1378 and 1421°K, less than 30% of the total PAC present is substituted, and the total PAC yield is low.
Compared to the substituted fractions, the unsubstituted (LC2) fractions for all pyrolysis temperatures exhibit substantially higher levels of mutagenicity, whether + or -PMS. The unsubstituted PAC also comprise a larger portion of the total PAC as pyrolysis temperature increases (35% of the total PAC are in LC2 at 1125°K; 75% at 1421°K.). As shown in Figure 4 , +PMS mutagenicity of the unsubstituted fractions generally increases with temperature. -PMS mutagenicity of these fractions increases abruptly from 1125 to 1223°K, then gradually lessens as temperature rises further. The -PMS mutagenicity is greater than the +PMS mutagenicity for the 1125, 1223, and 1312°K unsubstituted PAC. At 1378°K, however, the two approach equality, and the +PMS mutagenicity slightly surpasses the -PMS at 1421°K.
The unsubstituted fractions are comprised of PAH, some of which are known to be +PMS mutagens; and of PACN, some of which are -PMS mutagens and perhaps +PMS mutagens as well (4) . The everincreasing +PMS mutagenicity of the unsubstituted (39, 40) has exposed the extremely high mutagenicity of several PACN, some of which demonstrate activities significantly higher than that of benzo[a]pyrene. A previous publication (28) details the changes in the composition of the PACN from our coal pyrolysis experiments. Of particular interest to our present concerns, however, is how the PACN change with respect to those without nitrogen. Figure  5 portrays the ratio of the PACN to nonnitrogencontaining PAC for each ring number, as functions of pyrolysis temperature. As the figure portrays, the ratio falls with temperature, just as the ratio of -PMS to +PMS activity in our unsubstituted PAC fraction falls as temperature increases from 1223°K. We thus see a consistency between the effects of pyrolysis temperature on the relative proportion of -PMS to +PMS activity and on the relative proportion of nitrogen-containing to nonnitrogen-containing PAC. 
Summary and Conclusions
The polycyclic aromatic compounds produced in the pyrolysis of a highly volatile bituminous coal at temperatures of 1125 to 14250K prove to be mutagenic to Salmonella typhimurium, both in the presence and in the absence of PMS. -PMS mutagenicities of unfractionated PAC samples are relatively low for the entire range of pyrolysis temperatures. Though comparable to -PMS mutagenicities at lower temperatures, +PMS mutagenicities become appreciably higher at higher temperatures. When PAC yields are factored into the previously mentioned specific mutagenicities to obtain overall mutagenicities (i.e., per mass of coal consumed), further differences between the -PMS and +PMS activities emerge: Overall -PMS mutagenicity decreases as temperature increases because PAC yield falls, and -PMS specific mutagenicity changes little as temperature is raised. Overall +PMS mutagenicity, on the other hand, peaks at 1378°K, where +PMS specific mutagenicity is highest and just before the abrupt temperature-induced decrease in PAC yield. PAC yield is thus the prevailing factor for overall-PMS mutagenicity.
Using a new HPLC technique that does not alter the mutagenicity of PAC mixtures, we split each coal- derived PAC sample into two fractions: LC1, containing PAC with alkyl and 0-containing substituents and LC2, consisting of unsubstituted PAH and PAC with ring nitrogen. Substituted (LC1) fractions show no significant mutagenicity in the presence of PMS, indicating that as a whole the alkylated PAC in our coal pyrolysis products are not mutagenic. In the absence of PMS, only at the higher temperatures do the substituted fractions exhibit a small but significant mutagenicity, which can be attributed to PAC with carbonyl or etheric functionalities. The extremely low yields of the substituted PAC under the conditions where they show some activity, however, ensure that they contribute little to overall activity.
Unsubstituted (LC2) fractions behave quite differently from their substituted counterparts. As pyrolysis temperature increases, unsubstituted fractions demonstrate a rise in +PMS mutagenicity, attributable to the unsubstituted PAH (and perhaps somewhat to the PACN) in these fractions. -PMS mutagenicity, on the other hand, peaks at a low temperature of 1223°K and falls with increasing temperature. The decline in the -PMS activity and the rise in the +PMS activity of the unsubstituted fractions parallels the previously observed depletion of the PACN (relative to the more thermally stable (PAH) in these samples as temperatuare rises. In contrast to the substituted PAC, the unsubstituted PAC are present in appreciable quantities at all pyrolysis temperatures investigated, so their overall mutagenicity is never negligible. The unsubstituted PAC fractions, comprised of mutagenic PAH and PACN, appear to be responsible for virtually all of the mutagenicity in these coal-derived PAC samples.
